Billions of neurons are interconnected in the central nervous system (CNS). Identification of specific neuronal circuit is indispensable for understanding the relationship between structure and function in the CNS. The midbrain dopamine (DA) neuron system consists of the retrorubral area (A8), the substantia nigra (SN; A9) and the ventral tegmental area (VTA; A10). We hypothesized that genetic methods using cell-type-specific promoters may offer the possibility to express tracer molecules in DA neurons to facilitate neuronal tracing. To address this, we used the 2.5 kb rat tyrosine hydroxylase (TH) promoter in adenovirus or adeno-associated virus (AAV) to express tracers specifically in DA neurons. We found that stereotaxic injection of TH promoter containing adenoviral construct resulted in cell-type-specific transgene expression in the noradrenaline (NA) neurons of the locus coeruleus (LC). However, it caused a significant toxicity to DA neurons in the SN. In contrast, stereotaxic injection of TH promoter containing AAV to the SN resulted in cell-type-specific transgene expression in DA neurons with no detectable toxicity. Taken together, our results demonstrate that it is possible to selectively trace DA neuronal circuits in rodent brains using the TH promoter in the context of AAV.
The central nervous system is composed of billions of neurons interconnected to form intricate neuronal circuits. 1, 2 Neuronal tracing has been used to identify and characterize neuronal pathways and functions in specific neuronal circuits of the complex nervous system. 3 Conventional tracing methods use axonal transport of tracers, such as horseradish peroxidase or wheat germ agglutinin (WGA), through the microtubular systems of the neurons followed by the detection of tracers with immunohistochemical methods. 4 However, tracers can be taken by all the neurons located at the injection sites, resulting in nonspecific labeling of unrelated pathways in the conventional tracing methods. In contrast, genetic tracing methods can selectively express tracers in specific neurons using cell-typespecific promoters. 3, [5] [6] [7] [8] Dopamine (DA) neurons play a profound role in diverse brain functions, such as movement, mood, attention and visceral functions. In the ventral midbrain, DA is synthesized in the ventral tegmental area (VTA) and substantia nigra (SN). 9 VTA neurons project to the cortex and the ventral striatum constituting the mesolimbic system, which controls motivation, reward and emotional behavior. Dysfunction of this system is implicated in major psychiatric disorders such as schizophrenia. SN neurons project to the striatum forming the nigrostriatal system, which regulates voluntary movement. Abnormal regulation of the nigrostriatal system leads to Parkinson's disease.
We previously developed a synthetic promoter driving transgene expression in noradrenaline (NA) neurons. 10 To trace the neuronal circuit of midbrain DA neurons, we sought to use the tyrosine hydroxylase (TH) upstream promoter. Toward this goal, we investigated the use of the 2.5 kb rat TH upstream promoter (sequence information is shown in Supplementary Table 1) as a DA neuronspecific promoter for two reasons. First, this upstream promoter was found to drive cell-type-specific gene expression to midbrain DA neurons using transgenic founder analysis. 11 Second, owing to its relatively short length, this promoter fragment could be tested in various viral vectors including adeno-associated virus (AAV).
TH is expressed in catecholamine (CA) neurons of the central nervous system, which include DA neurons of the midbrain and NA neurons of the locus coeruleus (LC). We first tested the CA neuron cell-type specificity of the 2.5 kb rat TH promoter using non-CA (HeLa) and CA neuron cells (SK-N-BE(2)M17). As shown in Supplementary Figure 1 , the great majority (495%) of SK-N-BE(2)M17 cells are TH-positive, whereas HeLa cells are TH-negative. These cell lines were infected with adenovirus and its infectivity was accessed by the expression of green fluorescence proteins (GFP). Both non-CA cells (HeLa) and CA neuron cells (SK-N-BE(2)M17) were efficiently infected with 6 MOI (multiplicity of infection) of the adenoviral construct. Expression of WGA, which is under the TH promoter, was prominently detected only in SK-N-BE(2)M17 cells, suggesting that the 2.5 kb rat TH promoter is specific for CA neuron cells (Figure 1) .
To examine whether TH promoter-driven WGA is specifically expressed in NA neurons in vivo, we injected recombinant adenovirus into the LC area. GFP expression confirmed that stereotaxic injection delivered adenovirus into the LC areas (Figure 2a ). Expression of WGA, which is under the control of the 2.5 kb rat TH promoter, was predominantly detected in LC (Figures 2b  and c ). This result confirmed the specificity of the TH promoter for NA neurons. We next delivered the adenovirus into the SN. Looking at the needle track, GFP expression was not found in the regions where adenovirus was delivered (Figures 2d and e). Instead, GFP expression was found in cells adjacent to the injection site, suggesting adenovirus toxicity to midbrain DA neurons in contrast to NA neuron in the LC (Figures 2d). Although virus was delivered to a wider area, expression of WGA was mainly restricted to the SN area, which was not affected by neurotoxicity (Figures 2e and f). Together, specific transgene expression in the LC and SN by stereotaxic viral injection strongly suggests the in vivo specificity of the 2.5 kb rat TH promoter for transgene expression.
Because adenovirus showed toxicity to SN cells, we next sought to express transgenes, GFP-WGA fusion protein or DsRed2, using the same 2.5 kb rat TH promoter in the context of AAV. No significant toxicity was found at the injection sites, when analyzing rodent brains at day 7 or day 17 post-stereotaxic injection to the SN (Figure 3 ). GFP-WGA fusion protein was specifically expressed in the SN (Figure 3b ). Its expression mostly overlapped with endogenous expression of TH in the SN (Figure 3d ). It can be noted that the expression of GFP-WGA fusion protein was detected in a small number of TH-negative cells (Figure 3e, arrowheads) . However, it is not clear whether these cells represent non-DA cells or express very low TH levels. In any case, given that THpositive DA neurons are minor fraction of the ventral midbrain area (for example, 5%), our results could be considered to be significantly DA cell-type-specific. In a parallel experiment, we also found that expression of the same TH promoter-driven DsRed2 was mainly detected in the SN (Figure 3g ), although DsRed2 expression was also detected in a small number of non-DA neurons (Figure 3j , arrowheads). Taken together, our results indicate that TH promoter will be useful for specific in vivo expression of tracer molecules in midbrain DA neurons and future tracing studies of the DA neuronal circuitry. In support of this, our preliminary analysis showed that WGA could be readily detected in the somas of remotely innervated hypothalamus areas, 12 showing that tracers were retrogradely and transneuronally transported from DA neurons (Supplementary Figure 2) . Recombinant adenovirus was prepared as described. 20 The WGA gene, which is under 2.5 kb rat TH promoter, was cloned into the pAdTrack vector. The resulting plasmid was linearized by digesting with PmeI and transformed into Escherichia coli BJ5183, in which an adenoviral backbone plasmid (pAdEasy-1) was introduced. The recombinant adenoviral DNA was selected and transfected into the adenovirus packaging cell line, HEK293, using lipofectamine (Invitrogen, Carlsbad, CA, USA). Viruses were harvested 5 days after transfection and concentrated by CsCl density-gradient ultracentrifugation. Viral titer was determined by quantifying the number of cells showing GFP signal (expression forming units, EFU). Cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 mg ml À1 of streptomycin, and 100 units ml À1 of penicillin in a CO 2 incubator. CMVp, cytomegalovirus promoter; GFP, green fluorescence proteins; pA, poly adenylation signal; THp, 2.5 kb rat TH promoter; WGA, wheat germ agglutinin. Ten-week-old male Sprague-Dawley rats (280-320 g, Charles River Laboratories, Lebanon, CT, USA) were used. Adenovirus (1.5 ml of 8Â 10 10 EFU per ml) was unilaterally injected into the SN (AP: À5.8 mm relative to bregma, L: À2.0 mm from midline and DV: À6.0 mm below dura) and the LC (AP: À3.9 mm relative to bregma, L: À1.4 mm from midline and DV: À7.2 mm below dura) using a stereotaxic instrument (Stoelting Co., Wood Dale, IL, USA) equipped with an autoinjector (Stoelting Co.). After stereotaxic injection of adenovirus, rats were perfused with 4% PFA and the brains were sectioned coronally to 40 mm thickness using a cryostat. Brain sections were mounted on poly-L-lysinecoated glass slides. Antibodies were detected using the Vectastain kit (Vector Labs) and the signal was visualized using 3,3 0 -diaminobenzidine (DAB). Goat anti-WGA antibody was used to detect the expression of WGA. All animal procedures were performed according to experimental protocols approved by the Institutional Animal Care and Use Committee of McLean Hospital and followed the National Institutes of Health guidelines. Figure 3 Transgenes were expressed in SN of adult rat. (a) AAV (1.5 ml of 2-5 Â 10 12 genome copy per ml), which expresses GFP-WGA fusion protein, or (f) DsRed2 was delivered to the SN by stereotaxic injection as described in . Seven or 17 days after injection, animals were analyzed. Expression of (b) GFP-WGA and (g) DsRed2 was detected by its fluorescence. TH expression was detected by immunostaining (c and h). Merged images of GFP-WGA and TH (d) or DsRed2 and TH (i) are shown. Magnified view of boxed area of (d) and (i) are shown in (e) and (j), respectively. Expression transgenes in the non-DA cells are shown by white arrowheads. VTA and SN are shown. Bar: 100 mm (b-e), 200 mm (g-j). Goat anti-WGA antibody (1:200 dilution, Vector Labs) and rabbit anti-TH antibody (1:1000 dilution, Pel-Freez, Rogers, AR, USA) were used. For immunofluorescence labeling, Alexa 594 or 488 anti-rabbit or anti-goat IgG (1:200 dilution, Molecular Probes) were used as secondary antibodies. Recombinant AAV was obtained by using the AAV helper-free system according to manufacturer's protocol (Stratagene, La Jolla, CA, USA). We replaced the CMV promoter of pAAV-MCS with the 2.5 kb rat TH promoter to obtain the pAAV2.5THp. The GFP-WGA fusion protein or DsRed2 was cloned in the pAAV2.5THp. This plasmid was used to transfect AAV-293 cells with pAAV-RC and pHelper using the calcium phosphate method to make recombinant viral particles. Viruses were harvested 3 days after transfection and purified using heparin-agarose column 21 and concentrated by centrifugation using a filter membrane (Amicon, Beverly, MA, USA). Viral solution (1 ml) was treated with proteinase K and viral DNA was recovered by phenol extraction followed by ethanol precipitation. The genome copy of viral DNA was determined by PCR.
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Tracing the neuronal circuit of specific neurons is of utmost importance to understand their connectivity and function in the nervous system. In contrast to conventional tracing, genetic tracing methods can label specific neuronal subtypes because tracers are expressed by celltype-specific promoters. Indeed, use of cell-type-specific promoters in transgenic mice revealed precise neuronal circuits. 3, 7, 8, 13 In addition, transgenes, which are under the control of cell-type-specific promoters, can be delivered to target neurons in spatiotemporal-specific manners using viral vectors by stereotaxic injection. [14] [15] [16] [17] Several viral vectors have been developed to deliver transgenes in the nervous system. 18 However, each viral vector having specific properties, such as cloning capacity and viral titer, it is important to choose the proper viral vectors for the desired purpose. Tracing of neuronal pathways is mostly based on the detection of tracers, which are anterogradely or retrogradely transported in the neurons. 4 Thus, proper selection of celltype-specific promoters, viral vectors and tracers is critical for efficient tracing studies of the neuronal circuitry. As an initial step to identify the neuronal circuit of midbrain DA neuron by genetic tracing, we chose the rat TH promoter as a cell-type-specific promoter and adenovirus as a vehicle. Strikingly, in contrast to NA neurons in the LC, adenovirus showed significant toxicity to DA neurons in the SN (Figure 2 ). We next chose AAV, which is known to be less toxic and offer long-term expression. 19 Indeed, AAV proved to be non-toxic, and the expression of TH promoter-driven transgene was specifically detected in DA neurons of the SN, although we found a small number of TH-negative cells that expressed the transgenes. This largely cell-typespecific transgene expression is consistent with the previous work, which showed that the rat 2.5 kb TH promoter can drive cell-type-specific transgene expression using transgenic founder analysis. 11 Taken together, our results suggest that the rat 2.5 kb TH promoter is relatively specific for driving transgene expression to DA neurons of the SN in vivo and may be useful for future genetic tracing experiments although its cell-type specificity was not perfect.
